6 Contributed equally to this work. 7 Corresponding authors Transposons are ubiquitous mobile elements with the potential to trigger genome instability and mutations linked to diseases 1,2 . Antisense piRNAs guide an adaptive genome immune system that silences established transposons during germline development 3 , but how the germline responds to new genome invaders is not understood. The KoRV retrovirus infects somatic and germline cells and is sweeping through wild koala populations by a combination of horizontal and vertical transfers, providing a unique opportunity to directly analyze the germline response to retroviral invasions of a mammalian genome 4,5 . We analyzed genome organization and long RNA and short RNA transcriptomes in testis, liver, and brain from two wild koalas infected with KoRV, while integrating our results with earlier genomic data. Consistent with data from other mammals 6,7 , koala piRNAs were detected in testis and mapped to both isolated transposon insertions and genic and intergenic piRNA clusters. Established transposon subfamilies produced roughly equal levels of antisense piRNAs, which are the effectors of trans-silencing, and sense piRNAs, which drive ping-pong amplification of these effectors 8, 9 . KoRV piRNAs, in striking contrast, were strongly sense biased in both animals analyzed. These two koalas each carried 60 germline KoRV-A insertions, but only 14 of the insertions were shared, and none of the insertions mapped to piRNA clusters. The sense piRNAs thus appear to be produced by direct processing of the transcripts from isolated proviral insertions. A typical gammaretrovirus, KoRV produces spliced Env mRNAs and unspliced transcripts encoding Gag, Pol, and the viral genome. KoRV Env mRNAs were 5-fold more abundant than the unspliced pre-mRNAs, but 92% of piRNAs were derived from the unspliced pre-mRNAs. We show that this biased piRNA production from unspliced retrotransposon transcripts is conserved from flies to mice. Retroviruses must bypass splicing to replicate; thus, we propose that failed splicing produces a "molecular pattern" on transcripts from retroviral invaders that is recognized by an innate genome immune system, which silences transposons in cis by processing their transcripts into piRNAs. This innate immune response defends the germline until antisense piRNA production-from clusters or isolated insertions-is established to provide sequence-specific adaptive immunity and memory of the genome invader.
of these small RNAs are derived from long non-coding genomic "clusters", composed of nested transposon fragments [9] [10] [11] . The Drosophila piRNA pathway has distinct germline and somatic branches. Germline clusters produce piRNAs from both genomic strands, albeit with an antisense bias (with respect to transposon mRNAs), and contain randomly oriented transposon fragments. By contrast, in the dominant somatic cluster, flamenco (flam), transposon insertions are primarily in one orientation, piRNAs are strongly antisense biased, and flam mutations lead to sterility and over-expression of those transposons represented in the locus 12, 13 . The majority of piRNA clusters in mice and other mammals are also transcribed from one genomic strand 14 , and transposon insertions in mouse clusters are antisense biased 15 . These findings suggest that transposon insertion into clusters generates antisense piRNAs, which guide sequence-specific adaptive genome immunity.
Analysis of hybrid dysgenesis in Drosophila has provided insights into piRNA pathway adaptation to DNA transposon invasion in insects [16] [17] [18] , but the response to invasions of the mammalian genome has not been examined. KoRV-A is associated with leukemia, immunodeficiency and chlamydia infection in koala, and characterization of proviral integration led to the surprising discovery that the virus had entered the koala germline in the last 50,000 years and is spreading by an unusual combination of vertical and horizontal transfers 4, 5, 19, 20 . The virus is believed to have entered the wild population at the northern end of Australia and swept south, where a few naive populations persist 5 . Koala infection by KoRV-A thus provides a unique opportunity to directly examine the progression of the germline response to retroviral invasions in a wild population.
KoRV-A and three endogenous retrotransposons are active in the koala germline
To define the genomic context of KoRV-A invasion, we characterized endogenous transposons in the Koala reference genome (see Methods). This analysis identified 402 transposon subfamilies, which occupy 44.04% of the genome. Most of the transposon subfamilies are represented by short, degenerate copies, which appear to be inactive ( Fig. S1a, gray points) . However, the reference genome carries seven full-length copies of KoRV-A with less than 0.5% sequence divergence ( Fig. S1a ), confirming that it has been active recently 5, 21, 22 . The reference genome also carries multiple, full-length copies of three endogenous retroviruses, designated ERVL.1, ERV.1, and ERVK.14, which show less than 1% divergence ( Fig. S1a , as indicated), suggesting that these endogenous elements may also be active.
To assess expression of the transposon subfamilies, we examined the transcriptomes in a panel of tissues from four wild koalas, by performing RNA-sequencing (RNA-seq) on two previously uncharacterized individuals (designated K63464 and K63855) and reanalyzing the published RNAseq data of two additional individuals (Birke and PC 23 ). Only the handful of transposons with fulllength copies were highly expressed in multiple tissues, including testis, with KoRV-A showing the highest expression levels, followed by ERVL.1, ERV.1, and ERVK.14 (Fig. 1a ). Elevated transcription of KoRV-A and the three endogenous retrotransposons suggests that they all are currently active.
Ongoing germline transposition would generate individual-to-individual variation, while recent activity in a common ancestor would produce low-divergence insertions that are shared between individuals. Previous analyses indicate that KoRV is currently active and generating significant individual-to-individual variation 5, 24 . To extend these earlier studies and assay for endogenous retrotransposon activity, we directly identified transposon insertion sites in the four wild koalas, by sequencing genomic DNA from K63464 and K63855 and analyzing published genome sequences from Birke and PC 21 . We mapped new transposon insertions-insertions not in the reference koala genome (the genome of a koala named Bilbo 21 )-and quantified their insertion frequencies as described in Methods. To avoid low-frequency chimeric reads that result from sequencing library construction 25 , we required both ends of the integration site of each insertion to be supported by "discordant" read pairs, with one read mapping to the reference genome and the other read of the pair mapping to the inserted element (see Methods). Indeed, consistent with earlier studies, we identified new insertions for KoRV-A, but also identified numerous new insertions of the three endogenous retrotransposons (Fig. 1b) , confirming that all of these elements are active and altering the genomes of these koalas.
We next defined germline integration by new insertions present at 40% or greater frequency (consistent with heterozygosity) in at least one tissue. For K63464, we sequenced genomic DNA from testis, liver, and brain, and for K63855, we sequenced genomic DNA from liver and brain. For these two animals, we further required germline insertions to be present in all of the tissues analyzed ( Fig. 1c, Fig. S1b ). By these criteria, the four animals carried ~60 germline KoRV-A insertions; however, none of the germline insertions was shared by all four individuals: Birke and PC shared a single KoRV-A insertion, while K63464 and K63855 shared foursites (Fig. 1c ). These four animals, which were all collected from the center of the habitat range, thus are likely to represent at least two independent KoRV-A genome invasion events, followed by significant KoRV-A expansion in the germline. In contrast, we identified 22 ERVL.1, 15 ERV.1, and 2 ERVK.14 germline insertions that were shared by all four animals ( Fig. S1c ), confirming that these established endogenous retrotransposon subfamilies were active in a common ancestor. However, each animal also carried numerous unique insertions of each of these elements ( Fig. S1c ). For example, K63855 had eight germline ERVK.14 insertions that were not present in any other animals, and PC had 94 unique germline ERVL.1 insertions ( Fig. S1c ). KoRV-A and the three endogenous retrotransposons are therefore generating remarkable germline variations in wild koalas.
To determine if KoRV-A and endogenous retrotransposons are active during development or in adult tissues, we quantified de novo transposon insertions, defined as insertions only present in one tissue and supported by only one pair of discordant reads (see Methods). Some discordant read pairs arise from low-frequency sequencing artifacts that randomly join genomic DNA fragments 25 , but the frequency of such read pairs should be constant across different tissues from the same animal, which share a common genome, and the transposon-mapping ends of these artificial reads should be randomly distributed over the element. Therefore, we analyzed genomic DNA sequences from the testis, brain, and liver of a single animal, K63464, and filtered for reads mapping to terminal regions of mobile elements. This analysis revealed different apparent transposition rates in the three tissues, with the lowest rate in testis, followed by brain and liver ( Fig. S1d ). KoRV-A also showed strikingly elevated numbers of discordant reads in the liver, and RNA-seq data indicate that KoRV-A is overexpressed in this tissue (Fig. 1a ). These findings are likely to be related to the proportionately higher level of blood leukocytes within this tissue. While our sample size is extremely limited, these results suggest that KoRV-A and the endogenous retrotransposons are active in both the germline and the soma, and their activities are relatively low in the testis, where the piRNA pathway operates.
Genomic sources of koala piRNAs
To determine if piRNAs are produced to target the active KoRV-A and endogenous retrotransposons, we sequenced 18-34 nt long small RNAs from testis, liver, and brain, for both K63464 and K63855 (piRNAs are typically 24-32 nt long). Furthermore, because piRNAs are 2´-O-methylated at their 3´ termini, which renders them resistant to oxidation, we sequenced both unoxidized and oxidized libraries for each koala. We detected 24-32 nt, oxidation-resistant RNAs only in the testis (Fig. S3a, b ), and these RNAs showed a strong 5´-U (1U) bias and significant 10-nt overlaps between sense and antisense species (ping-pong signature, Fig. S2 )-hallmarks of piRNAs observed in previously characterized animals, including flies and mice 9, [26] [27] [28] . Accordingly, most of the 19 genes annotated to function in the piRNA pathway are more highly expressed in the testis than in somatic tissues ( Fig. S3 ).
In the mammals analyzed to date, piRNAs are produced from long non-coding intergenic clusters, genic clusters that encode proteins expressed in the soma and piRNAs processed in the germline, and isolated transposon insertions 14, 29, 30 . Intergenic and genic clusters can be single transcription units or divergently transcribed pairs of transcription units. Mapping piRNAs and long RNA reads in the K63464 testis to the reference koala genome (see Methods) revealed the same spectrum of piRNA clusters ( Fig. 2a-f ). In total, we annotated 376 piRNA clusters, with the vast majority of them producing piRNAs from only one genomic strand, including 188 unidirectional clusters in proteincoding genic loci, 126 unidirectional clusters in intergenic loci, and 36 bidirectional clusters in intergenic loci ( Fig. 2g ). Thus, piRNAs and long RNAs in clusters map predominantly to the same genomic strand ( Fig. 2h, S5a ), and the piRNAs exhibit a strong 1U bias and ping-pong signature ( Fig. 2i -j). The promoters of the intergenic unidirectional and bidirectional piRNA clusters are enriched for the binding motif of A-MYB ( Fig. S4a ), a master regulator of pachytene piRNA production in mice 14 . RNA sequencing indicates that the 162 intergenic piRNA clusters are transcribed specifically in the testis (Fig. S4b ), while the genic loci are transcribed in all three tissues ( Fig. S4b ). Cumulatively, these 376 clusters occupy only 0.17% of the koala genome but can account for 68.53% of all piRNAs (75.09% of unique-mapping piRNAs and up to 46.56% of multiple-mapping piRNAs). Isolated transposon insertions, which occupy 43.99% of the genome, can account for up to 32.09% of all piRNAs (18.2% of piRNAs map to both clusters and dispersed transposon copies). Transposon-mapping piRNAs are abundant during pre-pachytene stages when the piRNA pathway is required for transposon silencing; however, unique piRNAs from highly expressed pachytene clusters dominate the piRNA pool in adult mouse testes 14 . Adult koala testes likely show a similar temporal expression pattern of pachytene clusters. Koalas are therefore similar to other mammals and produce piRNAs from a combination of clusters and isolated transposon insertions.
Are transposons with cluster insertions more likely to produce antisense piRNAs?
Roughly equal numbers of sense and antisense piRNAs map to transposons and these piRNAs show the 1U-10A nucleotide bias and ping-pong signature ( Fig. 3a -c, Fig. S5b, d ). Transposon insertion into a cluster was proposed to enhance the production of trans-silencing antisense piRNAs 31 ; thus, we asked whether transposon subfamilies with cluster insertions were more likely to produce antisense-biased piRNAs than subfamilies with only dispersed copies. However, regardless of piRNA cluster representation, transposon subfamilies produce comparable numbers of sense and antisense piRNAs, although there is a large variation among subfamilies ( Fig. 3d -e, Fig. S5c ). Transposon subfamilies with abundant piRNAs are generally represented in clusters ( Fig. 3d ), but these subfamilies are also more abundant in the rest of the genome than the subfamilies that produce few piRNAs (data not shown), and we did not observe a systematic difference between the two types of subfamilies in terms of bias toward antisense piRNAs. We performed the same analysis on adult mouse testis and reached the same conclusion (data not shown). Like mice, koalas piRNA clusters are slightly, but significantly, depleted of transposons compared with the rest of the genome (Fig. S4c , Wilcoxon signed-rank test p-value = 3.1 x 10 -7 and < 2.2 x 10 -16 for intergenic and genic piRNA clusters, respectively). Thus, our data do not support the hypothesis that transposon subfamilies with cluster insertions are in general more likely to produce antisense-biased piRNAs.
Nevertheless, a small number of koala clusters are enriched for antisense transposon insertions and produce piRNAs with a strong antisense bias (e.g., Fig. 2e ). These features were first observed for the Drosophila flam cluster, which has an established function in transposon silencing in the somatic follicles cells of the ovary. The three active endogenous retrotransposons in koala all produce antisense-biased piRNAs ( Fig. 3e, Fig. S5c ). In particular, ERV.1 produces more piRNAs than any other transposon subfamily, and there is a nearly full-length antisense ERV.1 insertion in the pi-phaCin-IG-174 intergenic cluster, which is enriched for fragments of other transposons inserted in the same orientation as ERV.1 and produces predominantly antisense piRNAs ( Fig. 2e ). ERV.1 is also expressed at very low levels and shows little random transposition in testes ( Fig. 1a, S1d ), suggesting that the antisense piRNAs are effective at repressing ERV.1.
By contrast, the piRNAs mapping to KoRV-A are strongly sense-biased ( Fig. 3e , S5c, and compare histograms in Fig. 3e ). KoRV-A is present in a piRNA cluster in the reference genome, but this insertion is not present in the two animals we analyzed (Fig. S4d ). These animals carry over 60 germline KoRV-A insertions each, but none of these insertions map to a piRNA cluster. In Drosophila, a subset of single euchromatic transposon insertions are bound by the cluster-specific HP1 homolog Rhino and produce piRNAs from both genomic strands, and these "mini clusters" can be identified by the presence of piRNAs mapping to sequences flanking the insertion sites 32 . We do not detect piRNAs in sequences flanking the KoRV-A insertions in two koalas we analyzed ( Fig. S4e ). With the caveat there are gaps in the koala genome assembly that might include additional piRNA clusters, these observations strongly suggest that the transcripts from dispersed KoRV-A proviral insertions, which do not function as clusters, are directly processed into sense piRNAs. Intriguingly, KoRV-A is expressed at very low levels in testis from Birke, and this animal shares the cluster insertion that is present in the reference genome ( Fig. 1a, Birke) . These observations suggest that the cluster insertion produced trans-silencing antisense piRNAs. Unfortunately, the testis tissue is no longer available from Birke, and we were unable to test this hypothesis.
Unspliced KoRV-A transcripts produce sense piRNAs
KoRV-A is a gammaretrovirus; transcription of proviral insertions produces spliced transcripts that encode the Env protein and unspliced transcripts that encode Gag, Pol and the retroviral genome. In koala testes, spliced KoRV-A Env mRNAs are 5-fold more abundant than unspliced genomic transcripts ( Fig. 4a ). In sharp contrast, KoRV-A piRNAs are uniformly distributed over the viral genome, suggesting that they are derived almost exclusively from unspliced genomic transcripts ( Fig. 4a ). To further test this possibility, we quantified long and short RNA reads mapping to the exon-exon junction, which are specific to mature Env mRNAs, and to splice sites, which are only present in unspliced genomic transcripts. For long RNAs, the exon-exon junction to splice site ratio was 5.0, consistent with the abundance of the Env mRNA in testis. The ratios are lower in liver and brain ( Fig. S6a ), suggesting the spliced KoRV-A transcripts are mainly derived from germ cells but not somatic cells in testis. In sharp contrast, the junction to splice site ratio for piRNAs was 0.08 in testis ( Fig. 4a ). Assuming that piRNAs derived from spliced and unspliced transcripts have similar stability, the 62-fold difference in these ratios reflects the difference in piRNA processing efficiency.
Like KoRV-A, the endogenous ERV.1 retrotransposon showed significantly lower junction to splicesite ratios for piRNAs (0.09 for both junctions) than for long-RNAs (3.63 and 2.23), reflecting preferential processing of the unspliced genomic transcripts into piRNAs ( Fig. 4b ). Therefore, we asked whether preferential piRNA processing from unspliced transcripts was a general feature of koala transposons. To answer this question, we defined a "splicing index" as the ratio of exon-exon junction reads to the sum of exon-exon junction and splice site reads, with 0% indicating no reads map to the junction, while 100% indicating all reads map to the junction. For piRNAs, the splicing index was nearly 0% for all koala transposon subfamilies, but long RNA splicing index ranged from 10% to over 90% (Fig. 4c ). In striking contrast, the long-RNAs from genic piRNA clusters are efficiently spliced, and the piRNAs from these clusters are preferentially produced from the spliced transcripts ( Fig. S6b-c ). Retrotransposon-derived and genic piRNAs thus appear to be produced by distinct mechanisms, preferentially utilizing unspliced and spliced transcripts, respectively.
We extended this analysis to other species, using published long and short RNA data from mouse, rat, cow, opossum, chicken, and fly. In each species, piRNAs were preferentially produced from unspliced sense-strand transposon transcripts (Figure 4c ). For several species, including mouse, we did not detect a single piRNA read mapping to an exon-exon junction (Fig. 4c, S6d ). An example is shown in Fig. S6e -the ERV1_MD_I transposon in opossum testis-with evidence of splicing in long RNAs, but piRNAs predominantly originate from unspliced transcripts. In Drosophila, transposon-silencing piRNAs are derived from unspliced transcripts of heterochromatic clusters composed of nested transposon fragments, and these genomic domains are bound by the Rhino-Deadlock-Cutoff complex, which is required for piRNA production by actively suppressing splicing. In addition, transposon-silencing siRNAs in pathogenic yeast are derived from stalled splicing intermediates 33 . Two components of the ubiquitous RNA-processing complex THO, Thoc5 and Thoc7, have been shown to be essential for piRNA biogenesis in flies 34 . Thoc5 and Thoc7 are required for efficient nuclear export of unspliced transcripts of murine leukemia virus in human cell lines 35 . Stalled or blocked splicing thus appears to be a conserved trigger for small silencing RNA production from potentially pathogenic elements.
Summary
We show that KoRV-A and three endogenous retroviruses are currently active and generating significant genetic variation in wild koalas ( Fig. 1, S1 ). Ongoing activity of the endogenous elements is surprising, as all three are targeted by antisense piRNAs (Fig. 3e ). In Drosophila, invasion of P elements activates endogenous transposons 17 , raising the possibility that activation of endogenous retrotransposons in koala is secondary to KoRV-A invasion. The mechanism of endogenous element activation on P element invasion is not well understood, but mobilization of this DNA transposon leads to double-stranded DNA breaks, and genotoxic stress disrupts transposon silencing in a wide range of systems [36] [37] [38] . Genome instability caused by ongoing transposition of KoRV-A, which is not targeted by abundant anti-sense piRNAs, could disrupt silencing of established transposon families. Alternatively, KoRV-A, like other gammaretroviruses, encodes an immunosuppressive domain within the envelope protein (p145E) 39 , which may disrupt transposon silencing downstream of piRNA production. Both models predict that endogenous elements will be inactive in animals that have not been infected with KoRV, which are present in isolated southern populations.
Immune responses to viral or bacterial infections comprise distinct innate and adaptive phases 32 . The initial response involves recognition of common molecular "patterns" by cells of the innate immune system, which suppress invaders until a more effective adaptive response is mounted 40 . Adaptive immunity is produced by differentiation and amplification of lymphocytes, which produce antigen-specific antibodies and T cells and carry a memory of the infection 41 . The data presented here, with earlier studies, lead us to propose that the piRNA response to retroviral invasions of the genome is also composed of distinct innate and adaptive phases ( Fig. 4d ). During initial infection, random proviral insertions are transcribed and produce spliced and unspliced transcripts. We propose that the bypass of splicing signals generates a molecular "pattern" that differentiates genomic transcripts of spliced viral and genic mRNAs. This pattern is recognized by the innate genome immune system, which suppresses expression by directing these transcripts to the piRNA biogenesis machinery. The resulting sense-stranded piRNAs are products of this "cis-silencing" process, and not silencing effectors. As expected, somatic tissues without the "innate" piRNA "cissilencing" system have more unspliced retroviral transcripts compare to spliced ones ( Fig. S6f . splicing index of KoRV-A and ERV.1 in two koalas are shown). This system is inefficient, and retrotransposition continues until an adaptive response, mediated by antisense piRNAs, is mounted. The antisense piRNAs that guide the adaptive trans-silencing are derived from clusters carrying transposon insertions, or single insertions that are transcribed and piRNAs from both strands, through an epigenetic process that is not understood. Initiation of the adaptive genome immune response thus appears to be triggered by transposition into a cluster, or conversion of single transposon insertions into mini-clusters. Both processes generate trans-silencing effectors of adaptive immunity, while transposition into a cluster and insertion conversion produce hardwired genetic and epigenetic memories of the genome invader. d. An intergenic, unidirectional, and dual-strand piRNA cluster. e. An intergenic, unidirectional, and uni-strand piRNA cluster in the plus strand with a Ko.ERV.1 inserted in the minus strand. f. A pair of intergenic, bidirectional, and uni-strand piRNA clusters with sense-biased transposon insertions. g. A mosaic plot for 376 piRNA clusters classified by: (1) genomic location (genic in blue, characterized by the overlap of piRNA clusters with protein-coding genes, and intergenic in red);
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(2) directionality (bidirectional, divergently transcribed piRNA clusters are shown with a green outline and unidirectional piRNA clusters in yellow); and (3) strandedness (dual-strand if the ratio of piRNAs abundance from the two genomic strands are within four folds, depicted as obrounds, and uni-strand as rectangles). Black numbers denote the tallies of piRNA clusters in each classification; there are zero bidirectional, genic piRNA clusters. h. Size distribution of piRNAs derived from piRNA clusters in the oxidized K63855 testis. i. A sequence logo shows the nucleotide composition of the piRNAs derived from piRNA clusters in the oxidized K63855 testis. j. Distribution of overlapping nucleotides between plus-strand and minus-strand piRNAs derived from piRNA clusters in the oxidized K63855 testis. The prominent peak at the 10-nt overlap is the ping-pong signature. Figure S1 . KoRV-A and three other ERVs are potentially active in the koala genome. a. A scatterplot depicts the number of full-length copies of a transposon subfamily (defined as longer than 50% of the consensus sequence length) vs. divergence from the consensus sequence. Four ERVs are labeled, including KoRV-A, which have more than five full-length copies at divergence lower than 1% in the koala genome. b-f. Correspond to panel a but for oxidized small RNA reads in the K63855 testis, as well as unoxidized small RNA reads in the K63464 testis, the K63855 testis, the K63464 liver, the K63855 liver, the K63464 brain, and the K63855 brain samples, respectively. Table S1. Detailed information on 379 piRNA clusters. Table S2 . Mapping statistics of DNA-seq, RNA-seq and small RNA-seq data analyzed in this paper. Table S3 . Summarized information for koala transposon consensus sequences and their copies in the koala reference genome.
SUPPLEMENTARY FIGURES AND TABLES

METHODS
Data availability
All data have been deposited to GEO with the accession number GSE128122.
Experimental details
Total DNA/RNA isolation Total DNA was isolated from koala (K63464 and K63855) tissue samples using the DNeasy® Blood and Tissue Kit (Qiagen). Total RNA was isolated from brain, liver, and testis from two koalas (K63464 and K63855) using the mirVana™ miRNA Isolation Kit (Life Technologies). Total RNA samples were treated with Turbo DNase (Invitrogen) and RNA cleanup was done following the manufacturer's instructions using the RNeasy Mini Kit (Qiagen).
Library preparation
Small RNA sequencing libraries were prepared as previously described 42 . Briefly, total RNA was isolated from flash frozen koala tissue using the mirVana miRNA Isolation Kit (Ambion/Life Technologies). Small RNAs were sized selected and purified from a 15% denaturing polyacrylamide-urea gel using the ZR small-RNA™ PAGE Recovery Kit (Zymo Research). For oxidized RNA library preparations, purified RNA was oxidized with 25 mM NaIO4 in 30 mM borax, 30 mM boric acid, pH 8.6, for 30 min at room temperature followed by ethanol precipitation. 3´ preadenylated adapter was ligated to oxidized or un-oxidized small RNAs. The 3´ ligated product was purified from a 15% denaturing polyacrylamide-urea gel. 5´ RNA adapter ligation was performed and the ligated product was purified from a 10% denaturing polyacrylamide-urea gel and used to synthesize cDNA. The resulting cDNA was PCR amplified and run on a 2% Certified Low Range Ultra Agarose (Bio-Rad) gel with subsequent extraction using the QIAquick® Gel Extraction Kit (Qiagen). Purified small RNA libraries were single-end sequenced using the Illumina NextSeq 500 system.
Strand-specific RNA sequencing libraries for one K63464 testis replicate (rep2) and two K63855 testis replicates were prepared as previously described 43 . In brief, total RNA was isolated from frozen koala tissue samples via the mirVana miRNA Isolation kit and then rRNA depleted using the RiboZero™ Gold rRNA Removal Kit for human, mouse, and rat (Illumina). RNAs longer than 200 nt were selectively recovered using the RNA Clean & Concentrator-5 kit (Zymo Research). RNA samples were fragmented and reverse transcribed. dUTP was incorporated during second strand synthesis for strand specificity. End repair and A-tailing was performed followed by adapter ligation and uracil-DNA glycosylase (UDG) treatment. Finally, the library was PCR amplified. RNA libraries were paired-end sequenced using the Illumina NextSeq 500 system. Strand-specific RNA-seq libraries for one K63464 testis replicate (rep1), K63464 liver, K63464 brain, K63855 liver, and K63855 brain are constructed at BGI. Then these RNA-seq libraries are sequenced in HiSeq 101PE platform at BGI. Short fragments of DNA libraries for K63464 testis, K63464 liver, K63464 brain, K63855 liver, and K63855 brain are constructed at BGI. Then these DNA-seq libraries were sequenced using the NovaSeq 151PE platform at BGI.
Bioinformatics analysis
Transposon annotation
We annotated transposon consensus sequences and individual copies in the koala reference genome using several algorithms: repeatModeler, repeatMasker, LTRharvest, LTRdigest, TransposonPSI, and ucluster [44] [45] [46] [47] [48] , described in detail as follows.
First, we used three separate algorithms to identify transposons de novo. We ran RepeatModeler on the koala reference genome with default parameters to build a library of transposons. We also used LTRharvest with parameters "-index phaCin.fsa -seed 100 -minlenltr 100 -maxlenltr 1000mindistltr 1000 -maxdistltr 15000 -xdrop 5 -mat 2 -mis -2 -ins -3 -del -3 -similar 90.0 -overlaps best -mintsd 5 -maxtsd 20 -motif tgca -motifmis 0 -vic 60 -longoutput" to predict LTR retrotransposons. LTRdigest was then used to filter out false positives from LTR transposons predicted by LTRharvest using the hidden Markov models (HMMs) of transposon proteins from Pfam and GyDB. LTR elements without HMM hits were discarded. Finally, transposonPSI was used to construct all potential transposon sequences based on high homology to existing transposon annotation.
Second, we merged the three transposon libraries by RepeatModeler, LTRharvest/LTRdigest, and TransposonPSI via usearch (version 11.0.667). Transposon clusters with fewer than 3 transposon sequences were discarded. The remaining transposon clusters were deemed de novo discovered transposon families with their centroid sequences regarded as the consensus sequences. We further combined the de novo transposon library with Repbase's transposon library of koala via usearch and provided the centroid sequences to RepeatClassfier to determine their transposon families, and only those transposons classified as LINE/SINE/LTR/DNA were retained in our final consensus sequence library.
Finally, we provided our final consensus sequences to RepeatMasker with parameters "-s -pa 48e ncbi -div 40 -nolow -norna -no_is" to identify individual copies in the genome. To further remove false positives, we discarded those transposon families without at least two copies or 1000 base pairs in the koala reference genome.
Except for KoRV-A and PhER which had been named already, we assigned transposons names that began with Ko, which stood for koala, followed by the family they belonged to. A number was also added for different subfamilies in the same family. For example, ERV family transposons were named Ko.ERV.1, Ko.ERV.2, Ko.ERV.3, etc.
Calculation of average sequence divergence for transposon subfamilies
For each transposon subfamily, all copies annotated in reference genome were extracted, and copies longer than half of the length of the consensus sequence were aligned to the consensus sequence, and the alignments were used to calculate the average divergence for each transposon subfamily, defined as the number of substituted nucleotides in the alignments divided by the total number of nucleotides of these copies in the reference genome.
Quantification of the expression levels of transposons and piRNA pathway genes
We first removed all RNA-seq reads that mapped to ribosomal RNAs (rRNAs) in the reference koala genome. We annotated the rRNAs using RNAmmer 49,50 (version 1.2) with default parameters and mapped RNA-seq reads to rRNAs using Bowtie2 51,52 (version 2.2.5) with default parameters. The remaining RNA-seq reads were mapped to the reference koala genome using STAR 51 (version 020201). The mapping results in the SAM format were transformed into sorted and duplication-removed BAM format using SAMtools (version 1.8). The final mapped reads were assigned to protein-coding genes, non-coding RNAs, and piRNA genes using HTSeq 53 (version 0.9.1), and the expression levels of these genes, in reads per million unique mapped reads in per thousand nucleotides (RPKM), were calculated using custom bash scripts.
After rRNA removal, RNA-seq reads were also mapped to transposon consensus sequences (defined as described in the previous sub-section) directly using Hisat2 53,54 (version 2.1.0) with default parameters. Then transposon expression levels were calculated using Bedtools 55 (version 2.27.1). The similarity between some transposon elements may prevent the reads from these highsimilarity regions to be counted accurately when these reads are mapped directly to the transposon consensus sequences. Thus, we applied the expectation-maximization (EM) algorithm, which assigns these multiple mappers according to mapping potential in different transposons 56 . First, multiple mappers were assigned to different transposons according to the number of unique mappers in each transposons. Then the number of assigned reads for each transposon was used as the weight for the second round of multiple mapper assignments. The iterations continued until the process converged, defined as the Manhattan distance between two iterations being less than 0.05.
Identification of new transposon insertions and transposon absences using genomic DNAseq data
DNA-seq raw reads were mapped to the reference koala genome using the BWA MEM algorithm 57 (version 0.7.12-r1044) allowing soft clipping. Mapping results in the SAM format were transformed into sorted BAM format via SAMtools 49 (version 1.8). We then used the TEMP algorithm 58 to detect new transposon insertions. TEMP defines discordant read pairs as those with one end mapping to the reference genome and the other mapping to an inserted transposon element and uses these discordant reads for identifying new transposon insertions. Such discordant reads may also come from low-frequency chimeric reads that result from sequencing library construction 25 , but in such case, the transposon mapping ends would be randomly distributed and randomly oriented over the transposon element. Thus, we only retained reads mapping to the ends of the element, with the correct orientation for a bona fide insertion. We made two more modifications to TEMP for detecting transposons that are in the reference genome but not in the new sample. First, we only used reads flanking ±5 bp of breakpoints as supporting reads instead of the default 0-5 bp in TEMP. Second, the default TEMP uses all reads overlapped with the region from upstream 20 bp of the 5´-end to downstream 20 bp of the 3´-end of a transposon insertion to detect breakpoints. Instead, we only used reads that overlapped with the two ends of a transposon insertion, ±20 bp centered on the 5´-end or ±20 bp centered on the 3´-end, to detect breakpoints, which is more stringent and guards against low-frequency chimeric reads that result from sequencing library construction 25 .
Analysis of small RNA-seq data
We first removed the adapter sequence (TGGAATTCTCGGGTGCCAAGGAACTCCAGTCACCGATGTATCTCGT) from all small RNA-seq reads using cutadapt 59 (version 1.15) . We then removed all reads that mapped to rRNAs, miRNAs, snoRNAs, snRNAs, and tRNAs. As mentioned above, we defined rRNAs in the koala genome using RNAmmer 49,50 (version 1.2) with default parameters. We annotated miRNAs in the koala genome using miRDeep2 60 (version 2.0.0.8) with default parameters and the unoxidized small RNA-seq datasets in the testis of K63464 and K63855 testes as the input. The remaining small RNA-seq reads were mapped to reference koala genome and transposon consensus sequences independently using Bowtie (version 1.1.0). We calculated piRNA abundance at piRNA clusters and individual transposon insertions in the genome using unoxidized and oxidized small RNA-seq samples separately. We normalized the abundance by sequencing depth, i.e., the total number of genome mapping reads after removing rRNAs, miRNAs, snoRNAs, snRNAs, and tRNAs. Nucleotide content and ping-pong amplification were analyzed for all reads that mapped to the genome, reads that mapped to transposons, and reads that mapped to piRNA clusters, respectively. For ping-pong analysis on cluster-mapping reads, 5´ to 5´ overlaps between all pairs of piRNAs that mapped to the opposite genomic strands were calculated, and then the Z-score for the 10-nt overlap was calculated using the 1-9 nt and 11-30 nt overlaps as the background 42 . For ping-pong analysis on transposon-mapping reads, we only used the reads that mapped to transposon consensus sequences with zero or one mismatch and the 10-nt overlap was computed using the coordinates of reads on the consensus sequences. Reads that mapped to the Ko.RTEBovB.98 transposon were excluded due to one highly abundant sequence.
piRNA cluster annotation
We annotated piRNA clusters using RNA-seq and small RNA-seq data in the K63464 testis. We considered 24-32 nt small RNA reads that could map to the koala genome, after rRNA, miRNA, tRNA, snRNA, and snoRNA were removed, as piRNAs. piRNAs were then assigned to 20 kb sliding windows (with a 1 kb step), and windows with more than 100 piRNAs per million uniquely mapped piRNAs were further considered as potential piRNA clusters. To remove false positives due to un-annotated miRNA, rRNA, tRNA, snRNA, and snoRNA, which mostly produce reads with the same sequences, we also filtered out those 20-kb genomic windows with fewer than 200 distinct reads (called species). We then calculated the first-nucleotide content for each 20-kb window, and those windows with 1U/10A percentage less than 50% were also discarded (15 windows were discarded in total). The remaining contiguous 20-kb windows were deemed putative piRNA clusters. We used the RNA-seq reads after rRNA removal for annotating exon-exon junctions in piRNA clusters. Finally, we performed manual curation for putative piRNA clusters using piRNA profile, long RNA profile, and detected exon-exon junctions. The direction of a piRNA cluster was indicated by the direction of the main long-RNA transcript.
The final piRNA clusters were classified according to their genomic location, directionality, and strandedness. First, piRNA clusters with more than 50% base pairs overlapped with protein-coding genes were defined as genic piRNA clusters and others intergenic piRNA clusters. Second, piRNA cluster pairs that shared their promoters (distance between their TSSs were less than 500 bp) but transcribe in divergent directions were annotated as bidirectional piRNA clusters while others were unidirectional piRNA clusters. Third, piRNA clusters which produced similar levels of piRNAs from both genomic strands (< 4 fold difference) were defined as dual-strand piRNA clusters while others were uni-strand clusters.
Exon-exon junction discovery and splicing index calculation in transposons
RNA-seq data (after rRNA removal) were used to identify high-confident exon-exon junctions in transposons. First, RNA-seq reads that could map fully to the reference koala genome (using Bowtie2 in the end-to-end mode and soft clipping disabled) were considered primary transcripts and discarded. The remaining RNA-seq reads were then mapped to the transposon consensus sequences using Hisat2 54 with default parameters for exon-exon junction detection.
To calculate the splicing index for each detected junction, rRNA-removed long RNA reads and rRNA/miRNA/tRNA/snRNA/snoRNA removed small RNA reads were used as input, and the calculation was performed in the following steps. First, reads were mapped to transposon consensus sequences using Hisat2 given the detected junctions. The output of Hisat2 contained two types of reads, those that mapped to splice sites (unspliced reads) and the remaining that mapped to exon-exon junctions. We further mapped the junction-mapping reads back to the reference genome (Bowtie2 in the end-to-end mode with soft clipping disabled) and discarded the reads that could map. The remaining long RNA reads that spanned at least 7 bps of the exon-exon junctions and piRNA reads that spanned at least 3 bps of the exon-exon junctions were considered spliced reads. After this, splicing index for each exon-exon junction detected by long RNA and piRNA respectively was defined as the ratio of spliced reads and the total reads (splice reads plus unspliced reads). 
